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ABSTRACT

DETERMINATION OF THE COMPATIBILITY OF VARIOUS COATINGS WITH A
BRANCHED PERFLUOROPOLYALKLYETHER IN A HIGH TEMPERATURE
OXIDATIVE ENVIRONMENT

Name: Heilman, Patrick Thomas
University of Dayton
Research Advisors: Dr. Jeffrey S. Zabinski
Lois Gschwender
Carl E. Snyder, Jr.
Academic Advisor: Dr. Kevin J. Myers
Six commercially available titanium based coatings were deposited onto
M-50 and carburized Pyrowear 675® substrates and were studied in a high
temperature oxidative environment while immersed in a branched
perfluoropolyalklyether (PFPAE), Krytox AC®. The responses of the coated
substrates to this environment were compared to M-50 and carburized Pyrowear
675®. The coatings investigated were physical vapor deposited (PVD) TiN,
TiCN, TiAICN, TiCrCN/TiB4C multilayer, E-Ni TiN, and E-Ni TiCN. Experiments
were conducted at temperatures ranging from 315 to 360°C for a duration of 24
hours. Post-test analysis of the metal/coated coupons consisted of visual
inspection, weight change per area, scanning electron microscope (SEM),
energy dispersive x-ray spectroscopy (EDS), and x-ray photoelectron
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spectroscopy (XPS). Post-test analysis of the fluid consisted of visual inspection,
viscosity change, acid number change, and fluid weight loss. Coated Pyrowear
675® coupons demonstrated superior corrosion resistance compared to coated
M-50. The coatings most resistant to chemical attack in the PFPAE fluid in order
of increasing resistance were TiCN, E-Ni TiN, and E-Ni TiCN. “Blisters” were
observed with all coatings except for those with an E-Ni layer.
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PREFACE

This research was completed in accordance with United States Air Force
Research Laboratory concerns. The fluids mentioned in this thesis are
candidates as lubricants for high temperature gas turbine engines. Other
applications include lubricants in disk media storage and satellites. Many of the
same problems are encountered in all of these applications, but this research
effort focuses on the engine lubricant system application. Air Force Research
Laboratory first examined these fluids in the 60’s for this possible application.
The intensity of the research varied throughout the decades, but there was a
flourish of activity in the 90’s focusing on the fluid/additive piece of the system.
This activity lead to many advances in the working knowledge of these fluids
including increasing stability by investigating various backbone structures and
additives. This thesis is a continuation of that work, which focuses on the other
piece of the system the surface.
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CHAPTER I
INTRODUCTION

The performance of aerospace engine systems has always been dictated
by the current technology of the lubricating fluids and engine component
materials. This is especially true for high temperature gas turbine engine
systems. For military jets the issue is increasing performance, which can be
accomplished by producing an engine with a higher thrust to weight ratio. This
would allow jets to 1) increase maximum speeds, 2) increase payload capacity,
or 3) increase flying time. These goals affect United States Air Force (USAF)
costs and performance. This increase in thrust can come from operating the
engine at a higher temperature. The overall goal is to increase operational
engine temperatures, but in order to realize this increased demand, special
attention is required in regard to the fluids and engine component materials.
A gas turbine engine requires that a thin film of lubricant cover the
contacting metal surfaces while being exposed to air at high temperatures. For
this application fluids are required to have excellent flow properties over large
temperature ranges, high thermal-oxidative stability, and suitable lubricating
ability (1).
Ester type oils are the most widely used synthetic gas turbine engine oil
(2). The highest operational temperature ranges described in MIL-PRF-7808 (3)

and MIL-PRF-23699 (4) are -54°C to 200°C and -40°C to 200°C, respectively.
The highest operational temperature for an implemented, qualified engine oil is
300°C (MIL-PRF-87100) (5), a polyphenylether based fluid (2). This gas turbine
oil was only used in the SR-71 aircraft, which is no longer in service. The
problem this lubricant class displays is a lower operational temperature limit of
15°C. As the push for high performance gas turbine engines to operate from 55°C or -40°C extending to 300°C intensifies, a new type of lubricant class must
be developed. A particular class of lubricant that satisfies these requirements is
perfluoropolyalkylethers (PFPAEs). Despite their excellent properties, the
problem with using this class of fluids is that at high temperature and in the
presence of ferrous and some non-ferrous metals and alloys, fluid decomposition
and metal corrosion result (1,6-13).
There are three paths to minimize the interaction of the fluid with various
surfaces. The first is to combine the PFPAE fluid with one or more performance
enhancing additives. The second involves improving/pacifying the surfaces the
fluid contacts, thereby preventing fluid decomposition. This can be accomplished
by either selecting corrosion-resistant steels and/or by protective coatings. The
third path is the combination of the first two and is the most likely to produce a
solution. The second path is the focus of this research effort.
There has yet to be a single series of experiments exploring various
commercially available titanium based coatings to determine their resistance to
the attack of a PFPAE fluid using M-50 steel and a carburized stainless steel as
performance baselines as well as base metals for the coatings. Specifically,

oxidation-corrosion experiments compared 1) M-50 type steel (used currently in
engines) to a corrosion resistant steel known as carburized Pyrowear® 675
(referred to as CRS throughout this thesis) and 2) eight types of commercial
coatings to CRS. X-ray photoelectron spectroscopy (XPS), scanning election
microscopy (SEM), and energy dispersive x-ray spectrometry (EDS) were
employed to help understand the experimental findings. This data will serve as a
basis for continued research into the possible use of PFPAE lubricants in high
temperature gas turbine engines.
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CHAPTER II
REVIEW OF RELATED RESEARCH AND LITERATURE

2.1

GENERALIZATION OF PFPAE FLUIDS
Perfluoropolyalkylethers (PFPAEs) are considered good candidates for

high temperature gas turbine engine lubricants. Such fluids have excellent
viscosity characteristics over large temperature ranges, exceptional high
temperature oxidative stability, and commercial availability in either linear or
branched form (1). Current applications include use as vacuum pump oils (14),
recording media lubricants (15), and space applications such as in satellites (16).
The backbone of the molecule contains only single bonds which allow free
rotation of the backbone atoms producing a fluid with excellent viscosity
characteristics. The high temperature oxidative stability is partly due to their high
molecular weight and the shielding effect the highly electro-negative fluorine
atoms have on protecting the carbon/oxygen backbone (17). Comparing
hydrocarbon chemistry in oxidative environments, hydrocarbons have the
tendency to form water and OH radicals via a free radical process. This situation
does not apply to perfluorinated compounds due to the resistance of the C-F
bond to attack by free radicals and the thermodynamic instability of OF2 and OF
species (18,19). This renders PFPAEs extremely stable in air or pure oxygen
environments in addition to inert environments. Commercially produced PFPAE

4

fluids are available in both linear (a and b) and branched forms (c) as shown in
Figure 2.1 (7).

Fomblin Z®
CF3-O-(CF2-CF2-O)m-(CF2-O)n-CF3 where m/n~2/3

(a)

Demnum™
CF3-CF2-CF2-O-(CF2-CF2-CF2-O)m-CF2-CF3

(b)

Krytox®
CF3-CF2-CF2-O-(C(CF3)F-CF2-O)m-CF2-CF3

(c)

Figure 2.1: Chemical Structures of Three Common Commercially Available
PFPAE Fluids (7)
Although these PFPAE fluids all have exceptional high temperature
stability and viscosity-temperature characteristics, each type has slightly different
physical properties and decomposition mechanisms.
2.2

PROBLEMS WITH PFPAE FLUIDS
Aviation gas turbine engine oil requires a thin film of lubricant covering the

metal surfaces exposed to air at high temperatures to provide lubrication of the
bearings. Engine cooling is provided by the bulk oil. The problem with PFPAEs
for this application is they decompose and cause corrosion in the presence of
ferrous and certain non-ferrous metals and alloys when either 1) exposed to high
temperatures or 2) in boundary lubrication at relatively low temperatures (1,6-13)
A two step fluid decomposition process has been proposed (7,13,18): 1)
conversion of the metal surface to a metal fluoride which functions as a Lewis
acid site and 2) catalytic decomposition of the fluid by interaction with these
Lewis acid sites. A critical step that precedes this two step process is the

degradation of the PFPAE fluid due to either 1) the metal reactivity with the
PFPAE fluid at high temperatures in a static environment or 2) in a tribological
environment, at asperity contacts where the localized temperature and shear
stresses are at a maximum. One of the principle products of degradation are
PFPAE acyl fluorides, which react with metal surfaces to form metal fluoride
Lewis acid sites (18,20). These sites catalyze, in an autocatalytic mode, the
degradation of the PFPAE fluid to form more PFPAE acyl fluorides. Corrosion of
the metal surface is also a product of this overall process. This is detrimental for
gas turbine engines.
2.3

PFPAE DEGRADATION MECHANISMS
PFPAE fluids have been subjected to thermal decomposition and

oxidative thermal decomposition both in the presence and absence of various
metals and alloys. In the absence of metals or alloys and in vacuum, PFPAE
fluids exhibit similar thermal decomposition temperatures (Td) as shown in Table
2.1 (21). The tensimetry technique measures the pressure increase in a closed,
isothermal system due to an increase of volatile components as the PFPAE fluid
decomposes. It must be noted that these fluid samples were heated for ten
minutes at ~20°C below the expected Td in order to drive off most of the unstable
impurities, which includes slight amounts of chlorine containing chains in Fomblin
Z® fluids (21) and hydrogen endcapped chains in Krytox® fluids. This allowed a
closer determination of the bulk material Td. It was concluded that the stability of
the fluids is relatively independent of structure, carbon chain length and
branching, but the impurities severely affect the stability of the fluids.
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Table 2.1: Thermal Decomposition Temperature Determined by Tensimetry (21)
Td (°C)

PFPAE Fluid Type

-380
-3 8 0
-370

Fomblin Z®
Demnum™
Krytox®

The commercially available PFPAE fluids decompose at reduced
temperatures in the presence of metals and alloys. In this environment, structure
and the type of substrate drastically affect the decomposition mechanisms and
the maximum functional temperature, respectively. Each of the three PFPAE
fluids’ decomposition mechanisms in the presence of metals and alloys will be
discussed.
2.3.1 FOMBLINZ®
Many studies have been performed with Fomblin Z® type lubricants since
they have the best temperature/viscosity characteristics of the commercially
available lubricants (19). The problem is they have the worst thermo-oxidative
stability in the presence of metals and alloys (7). Various research efforts have
been performed to determine the cause of this (7,13,19,22). The overwhelming
result is the weakness of the acetal group (-O-CF2-O-) (13,17,18). Fomblin Z® is
composed of two different repeating monomers giving rise to various
decomposition products. The exact degradation mechanism is not known, but
four steps are evident from literature:
1)

A chain scission reaction produces two types of acid fluorides
(fluoroformate endgroup and an acyl fluoride endgroup) shown in Figure
2.2 (7).
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2)

The fluoroformate end group decomposes into COF2 and acid fluoride
(23).

3)

COF2 (7) and acyl fluoride (20) then attack the metal/alloys (such as iron
or aluminum) converting the metal surface from an oxide into a metal
fluoride with metal oxyfluoride intermediates (24) shown in Figure 2.3.

4)

The metal fluoride surface, in an autocatalytic manner, degrades the
remaining fluid (13).
, cf,

XCF,

,CF,

,C F ,

,C F ,

or

, cf2_

„C F,

,C F ,
CF,

Step 1 chainjscission

Ri.

,C F ,

XF,,

F

F
i

+

„CF9

or

<L

,C F ,
CF,

lower molecular weight
Fomblin chain

fluoroformate
/ \

/

acyl fluoride

A

Step 2

chain scission continues
until fluid is completely
degraded

F

F

1
o -

+

1

'F

COF,

acyl fluoride

\

/

interacts with various ■*
metal types
Step 3

Figure 2.2: Fomblin Z® Fluid Degradation Flowchart (7,13,18,20)
The first three steps are slow and the fourth step is rapid and will
completely degrade the fluid (18). If the first step could be prevented, fluid
degradation would be eliminated. The cause of the chain scission in Step 1
depends on the environment. In static environments, the activity of the metal is
of the utmost importance. AI2O3 and Fe2O3 are weak Lewis acids and if a
sufficient temperature is reached degradation of the fluid occurs forming acid
fluorides. This temperature is well below the fluid’s Td. The acid fluorides
8

interact with the metal oxide to form strong Lewis acids such as AIF3 and FeF3
producing an autocatalytic type degradation process. For ferrous metals, the
conversion from the metal oxide to the strong Lewis acid site includes Fe3O4,
FeF2, and iron oxyfluorides as intermediates. There is support for the diffusion of
fluorine through a steel surface forming a layered structure very similar to the
interaction of HF with steel (25). The topmost layer, 0-5 nm, contained a high
percentage of fluorine presumed to be in the form of FeF3. The middle layer, 555 nm, comprised of Fe3O4 and the deepest region explored, 55-200 nm,
predominately was composed of FeF2.

Figure 2.3: A Proposed Mechanism for Acyl Fluoride Attack and Formation of
the Metal Fluoride Surface (20)
In addition to the metal reactivity issue, in a tribological environment,
localized high temperature regions arise from asperity contacts in boundary
lubrication, which thermally degrades the fluid. Mechanical scission of the fluid
may also result from the high shear rates produced by tribological equipment
(26). Another factor for both static and tribological experiments, the commercial
fluids have impurities such as unstable hydrogen/chlorine end-capped chains
that may lead to acid fluoride formation below the bulk fluid’s Td (21,27,28).
The exact mechanism of Step 4, how the Lewis acid (metal fluoride) site
interacts with the PFPAE fluid, is unknown. Theoretically, Lewis acids can attack
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either the lone pair of electrons on oxygen or the fluorine atoms. The two
mechanistic theories for Step 4 are shown in Figure 2.4:
1)

Two successive ether oxygens interact with a Lewis acid site (7).

2)

An acetal fluorine is transferred to a Lewis acid site (18,19).

Although the first theory has widely been embraced, molecular orbital
calculations, using BF3 as the strong Lewis acid, reveal there is very little if any
interaction with oxygen’s lone pair electrons in small molecular weight
fluoroethers (29). In hydrocarbon chemistry, Lewis acid attack would be
completely directed at the lone pair of electrons on the oxygen, but with
perfluorinated compounds the highly electro-negative fluorine atoms deactivate
the oxygen atoms by pulling electron density from the oxygen (18).

Figure 2.4: Proposed Mechanisms for the Chain Scission of Fomblin Z® by a
Lewis Acid Site (7,19)
Bond dissociation energies for CF3OCF(F)OCF3 are the lowest when
compared to other model fluoroether compounds. This demonstrates the
fluorine in the acetal group for Fomblin Z® fluids is inherently less stable than
other fluorine types in the various PFPAE fluids (17). It also lends support for the
theory of electrophilic attack by a Lewis acid and subsequent transfer of fluorine.
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Another influence on the decomposition process is humidity (22,30,31). At
high humidity (>20%), acid fluoride hydrolyzes to form perfluorocarboxylic acid.
The perfluorocarboxylic acid then chemisorbs to the steel surface producing a
thin film boundary lubricating surface as shown in Figure 2.5 (32) resulting in low
wear (30,31). At low humidity (< 20%) there was a large concentration of acid
fluorides which formed a FeF3 surface (22,31). Consequently, PFPAE
degradation and high wear resulted (22,30,31). This process corresponds to
how some performance improving additives function, which will be discussed
shortly.

H
O

\

perfluorocarboxylic
acid

Figure 2.5: Depiction of Chemisorbed Perfluorocarboxylic Boundary Layer Thin
Film (32)
2.3.2 DEMNUM™
Similar to Fomblin Z® fluids, Demnum™ type lubricants are linear and
degrade by chain scission greatly reducing the chain length rapidly as shown in
Figure 2.6 (7,33). The difference between these two fluids is that Demnum™
fluids only contain one type of repeating monomer that eliminates the occurrence
of acetal linkages. The chain scission occurs at high temperatures in the
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presence of various metal oxides and fluorides. The resulting acyl fluoride
attacks metal oxide surfaces as previously depicted in Figure 2.3.
r—o —cf2—cf2—cf2- o—cf2—cf2- cf2—o—r

chain scission
o
II

r- o- cf2—cf2- c- f + F3C — CF2— C F2— O — R

acyl fluoride

lower molecular weight
demnum chain

Figure 2.6: Proposed Demnum™ Type Fluid Degradation Mechanism (7)
2.3.3 KRYTOX®
There are various reported methods for the decomposition of Krytox®
PFPAEs or model compounds similar to Krytox® type PFPAEs. They include
end chain reactions (7) and chain scissions (19,23). A variety of Lewis acids
have been used to study Krytox® type PFPAEs: AICI3 (7,33-35), AIF3 (35), AI2O3
(7,36), FeF3 (35), Fe alloys (8,23,37), pure Fe (powder and slab) (24), and Ti
alloys (8,23,37).
Kasai reported that when in contact with AICI3 at 250°C the degradation
process originates from the terminal ethoxy groups and proceeds down the chain
in an unzipping fashion as shown in Figure 2.7 (7,33). This model only accounts
for transfer of the fluorine atom to the internal sector of the chain.
Eapen et al. support that the degradation process is primarily at the
endgroups but it is unclear if it is the only mechanism occurring (34). Figure 2.8
depicts a simple degradation sequence for the various Krytox® groups (34).
There is disagreement with Kasai’s model of the fluorine atom only being
transferred to the internal sector of the chain. Eapen et al.’s experiments
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revealed the majority of the products are hexafluoroacetone (in agreement with
Kasai), but there was a small amount of acyl fluoride and chlorinated products
revealing that the fluorine transfer was not only to the internal sector of the chain
Figure 2.8 is depicted without consideration of chloride transfer. Although
hexafluoroacetone was the major product, other products contained two
hexafluoropropylene oxide units suggesting chain scissions may also be
occurring in agreement with Tiers (38).
propoxy group

CFq

ethoxy group

FoC—CF9-CF9-O— FC— CFo— O

-CF9— CFq

ethoxy endgroup reduction
CF-J

o

CF:

FqC -C F 9-C F9-O -j-F C — CF9— O—j-FC
n-1

lower molecular weight krytox chain

+
'CFq

0
A

CF,

F3C -C F2-C F2-O - -FC- cf 2— o—Lfc .
n'2 X CF3

lower molecular weight krytox chain j

CF3

acyl fluoride

I

CF,

F

f3ct

'CF,
hexafluoroacetone

etc.
Figure 2.7: Proposed Krytox® Fluid Degradation Flowchart for Step One (7)
It has been established that the degradation of Krytox® type fluids occurs
primarily at the chain ends, but other degradation mechanisms cannot be
completely dismissed.
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Figure 2.8: Simplistic Version of Step One for Krytox® Type Fluids with
Interactions Occurring at Both Ethoxy and Propyloxy Endgroups (34)
2.3.4 CONCLUDING STATEMENTS
•

All of these proposed reaction mechanisms are not clearly understood.

•

There are a large number of various intermediate compounds, such as metal
oxyfluorides and FeF2, that do not allow a decomposition mechanism to be
completely defined (24). Fe3O4 has been reported as a possible intermediate
before FeF3 has been formed (24).

•

Commercially available samples can either be fully fluorinated chains or
contain a small percentage of hydrogen end-capped chains (10,19,27) or
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chlorine (21). These impurities have been shown to drastically reduce the
intrinsic thermal decomposition temperature of the sample (10,21,27). The
hydrogen end-capped chains are oxidatively unstable and degrade rapidly
upon placement in a high temperature (343°C) oxidative (air) environment
(10,27). A more stable fluid is the resultant of thermally stressing the fluid
below the thermal decomposition temperature prior to testing the fluid in the
presence of metals (27).
•

The various types of PFPAEs decompose by different paths, but all PFPAEs
degrade by the same basic mechanism:
1) A chain scission/endgroup reaction produces acyl fluorides:
2) Acyl fluorides assist conversion of the metal surface to a metal fluoride
which functions as a Lewis acid site;
3) Catalytic decomposition of the fluid by interaction with these Lewis acid
sites.

2.4

POSSIBLE SOLUTIONS
There are three ways to control these decomposition processes: enhance

the fluid with the use of additives (8,28,39-41), utilize substrates that minimize
the formation of Lewis acid sites, or a combination of the two.
2.5

ADDITIVE TECHNOLOGY
PFPAE lubricants, similarly to hydrocarbon lubricants, will require

additives to become functional high temperature fluids (~360°C). These additive
packages will have to address three requirements: fluid stabilization/metal
deactivation, rust inhibition, and lubricity enhancement (2). A challenge created
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by the PFPAE class of fluids is the hydrocarbon lubricant additive packages are
not soluble and thus new additives and additive packages had to be discovered.
In addition, at the high temperatures where PFPAE lubricants are expected to
perform, the low molecular weight hydrocarbon additives are volatile rendering
them ineffective (40). The additive technology development has consisted of
inventing new additive chemistry which was solubilized in the PFPAE fluids by
adding PFPAE or perfluoroalkyl- substituents (40). This has allowed improved
solubility and decreased volatility, due to the higher molecular weight
perfluoroalkylether groups for prospective PFPAE additives (37,40). Potential
PFPAE gas turbine engine lubricants have been studied in both static and
tribological environments (10,39,40,42-44).
Six such additives which improved performance compared to an
unformulated PFPAE lubricant are shown in Figure 2.9 along with a summary of
their effects (40,45-48). The major problem with many types of additives is that
an additive may improve one aspect of the lubricant, but adversely affect others.
Of the tested additives, only the alcohol structures and the monophosphatriazine
did not have an adverse affect on the other lubricant aspects. The improved
performance of the alcohol structures may be attributed to the -OH functional
group absorbing on the metal surface producing a protective layer resembling
that of the previously depicted perfluorocarboxylic acid film in Figure 2.5 (49).
This adverse effect of some of the performance improving additives on other
performance characteristics will probably require combinations of additives to
produce a fully functional lubricant.
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Figure 2.9: Prospective PFPAE Additives and Qualitative Performance (39,40)
Other additives such as the phosphine, produce polyphosphates on the
metal surface producing a boundary layer preventing direct contract between the
metal components and the PFPAE fluid (39,50) and benzothiazole which
adheres to the metal surface producing the same effect (39). The difference is
during tribological testing the polyphosphate boundary layer replenishes itself
acting as an anti-wear additive, whereas the benzothiazole boundary layer does
not exhibit anti-wear characteristics at the temperature tested.
Although the effects of additives are not studied here in this research
effort, it is important to remember the part they will play in allowing PFPAEs to
become functional base fluid lubricants for jet aircraft engines. Careful selection
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of additive and additive packages must be a major research focus in order for
PFPAE lubricant performance to reach its pinnacle.
2.6

ENGINE COMPONENT MATERIALS
Aluminum and ferrous alloys are the most studied substrates with respect

to PFPAE research (2-7,13,18,19). These metals are highly reactive with the
PFPAE decomposition products at high temperatures and readily produce
aluminum and iron fluorides. To enhance the capability of ferrous alloys in the
presence of PFPAE lubricants, the amount of iron on the surface can be
minimized as is done to make stainless steels. Stainless steels have a high
percentage of chromium (>10%) on the surface that produces a protective oxide
layer over the iron. Titanium alloys have also been examined in some studies
with various conclusions (8,10). Pure titanium is quite compatible with PFPAE
fluids, whereas the alloying elements, e.g the aluminum in Ti(4A/4Mn) and
Ti(6A/4V), typically used are susceptible to attack by PFPAE degradation
products (43). Nickel has been shown to be resistant to PFPAE attack (51,52).
2.7

COATINGS
Hard coatings are used in a variety of applications due to their improved

hardness, lower friction coefficient, and corrosion resistance compared to typical
steels (53-55). Common coatings include TiN, CrN, TiCN, TiAIN. TiN and CrN
are considered the first two widely implemented coatings (56). TiCN and TiAIN
are used in applications with specific requirements such as increased hardness
and high temperature oxidative protection (56). TiCN has a lower friction
coefficient and increased hardness compared to TiN (57,58). The aluminum in
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the TiAIN coatings produces an oxide layer protecting the surface from further
oxidation. This allows the coating to be used in many high temperature
environments up to ~800°C compared to ~450°C for TiN (56,58). Chromium in
CrN has the same effect as the aluminum in TiAIN: a protective oxide layer is
formed preventing the surface from undergoing further oxidation synonymous to
the effect chromium has in stainless steels.
These coatings can be applied by various deposition techniques. The
properties of a single hard coating type (i.e. TiN, TiCN, etc...) vary vastly with the
deposition technique and conditions. This provides hard coatings the adaptability
for use in various applications due to their “moldability”. The repercussion of this
adaptability is difficulty in determining the optimum technique and conditions for a
specific application. Common deposition techniques include physical vapor
deposition (PVD), chemical vapor deposition (CVD), and electroless deposition.
2.8

COATING PROCESSES
Surface coating techniques include gaseous, solution, and molten state

methods. Only gaseous and solution methods will be discussed here. Gaseous
state methods are subdivided into physical vapor deposition (PVD) and chemical
vapor deposition (CVD).
2.8.1 PHYSICAL VAPOR DEPOSITION (PVD)
Metal, alloy, and ceramic vapors can be produced from a source and
condensed on a substrate surface forming a surface coating in high vacuum (59).
Eligible substrates must withstand high vacuum and the operational
temperatures. A PVD process can be divided into three steps: 1) formation of
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vapor phase species, 2) transport from the source to the substrate, and 3)
coating growth on the substrate (60).
There are three basic PVD techniques: 1) evaporation, 2) sputtering, and
3) ion plating. Each of these techniques encompasses an array of variances,
therefore, only arc evaporation, magnetron sputtering, and ion plating will be
discussed. Other methods are given in Figure 2.10 (59, 61-66).
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Figure 2.10: Typical PVD and CVD Method and Techniques —* denotes discussed method (59,61-66)
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There are a variety of options for arc methods: cathodic/anodic, selfsustaining/controlled, and filtered/unfiltered (61,67,68). Since cathodic arc is a
widely employed commercial method its description will serve in this document
as a general view of the vacuum arc technique. The basic principle of cathodic
arc is a high current, low voltage arc (like lightning) strikes the to-be-deposited
solid cathode target (59,67). The arc can strike randomly in a self-sustaining
manner or be controlled magnetically. The localized temperature where the arc
strikes the material is extreme (~15,000°C), vaporizing a small amount of the
target material (67). Ionized atoms, electrons, and macro-particles are formed
from the strike (61,67). Mostly ionized atoms deposit on the substrate surface
producing the coating. The shortcoming of this technique is some of the macro
particles deposit in the coating structure creating areas of weak bonding and/or
pinholes (68). This could allow corrosive agents to permeate through the coating
to the substrate causing coating cracking and failure (61). Filtered arc is an
approach to minimize the amount of macro-particles deposited on the surface,
but this approach is not completely effective (61,68).
To produce various coating types, chemical vapor precursors can be
added to the deposition chamber (59,61). The injected gas collides with the
gaseous ions produced by the arc. When these individual molecules and ions
collide they split into a combination of electrons, particles, radicals, and ions. On
the macroscopic scale, if this gaseous collection is conductive it is called plasma
(63). The purpose of the plasma is to facilitate the disassociation of the injected
gas into radical and ion form. Without a plasma region, temperature is the
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limiting condition of the injected gas decomposition process. By forming a
plasma region, the deposition temperature can be lowered (63). Molecules are
formed and deposited on the substrate. During this process, other reactions also
occur: film with the gas, target with the gas (which effectively just sputters the
target surface), and/or gas with the gas. This is defined as an activated reactive
evaporation (ARE) process (61). TiN is a coating that can be produced using
ARE by supplying nitrogen gas with Ti vapor produced from cathodic arc
deposition (61).
Sputtering forms the vapor of the to-be-coated material by bombarding a
target surface with ions. This produces atoms (sputtered particles), ions, and
electrons (62,69). At high sputtering rates, a plasma region is formed near the
target surface (62). Magnetron sputtering is a technique that employs magnets
to trap a field of electrons around the vapor source target increasing the
sputtering rate and maintaining the plasma region at a lower temperature (62,70).
The magnetic field around the target does not affect the neutrally charged
sputtered particles which then deposit on the substrate surface, producing the
desired coating.
Ion plating is a vacuum technique that creates a coating with excellent
adhesion to the substrate (59,63). There are two types of ion plating: high
pressure (5x1 O'3 to 10'1 torr) and low pressure (10'7 to 10’4 torr) (59). The high
pressure technique uses one of the evaporation vapor sources and creates a
plasma from the vapors similar to ARE. Compared to ARE, a large plasma
region is maintained by one of the methods listed in Figure 2.10 (59,63). In
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addition, the substrate can be biased with a negative voltage which accelerates
the positive ions from the plasma to the substrate surface. The positive ions
generated in the plasma bombard the substrate surface, due to its negative bias,
and slightly penetrate the surface. The low pressure technique uses an ion
beam to either bombard the substrate (direct ion beam deposition) or the target
(ion beam plating). Direct ion beam deposition uses two steps to form a coating;
1) the to-be-coated ions are produced by an ion gun and 2) the ions are shot
directly at the substrate forming the coating (59). Ion beam plating uses an ion
gun to shoot ions at a target, which produces the to-be-coated ions. These ions
then accelerate to and deposit on the negatively biased substrate.
Reactive gases can also be added creating a plasma region to produce a
variety of coating types such as carbides, oxides, and nitrides (59).
There are three basic methods for coating growth on a substrate: 3-D
island (Volmer-Weber growth), 2-D layer by layer (Frank-von der Merwe growth),
and Stranski-Krastanov growth which is a combination of the first two (71). In 3D island growth, growth starts at low-energy sites on the substrate (59). A to-bedeposited atom is high in energy. For evaporated and sputtered techniques,
these atoms transfer energy to the substrate lattice weakly bonding the two
together. These high energy atoms (adatoms) move around the surface until
they are either re-evaporated or become attracted to a low energy site. If the
adatom finds a low energy site, the atom is incorporated into the substrate and
becomes a nucleation site for other depositing atoms. On the macroscopic
scale, islands of coating material form on the substrate surface. When these
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islands of deposited material grow large enough, they fuse together forming the
coating surface (59). The growth then progresses in a longitudinal manner. This
growth occurs when the coating atoms bind to each other more strongly
compared to the substrate. The 2-D layer by layer growth builds up one layer at
a time and occurs when the coating atoms bind more strongly to the substrate
(71). The Stranski-Krastanov growth mechanism involves two main steps. First,
the coating is deposited as a 2-D layer by layer coating, but after two monolayers
are “built up” the growth changes to 3-D island. The details on why this occurs
are currently unknown.
The microstructure of the coating is dictated by the kinetics of these
processes and is therefore heavily dependant on temperature. Figure 2.11
depicts the microstructures of a coating as a function of the pressure and the
substrate temperature, which is in the ratio form of substrate temperature per
coating material melting point temperature (61). These microstructures include
porous, densely packed columnar, columnar, and recrystallized. To obtain a
balance between residual stresses, hardness, and other properties a Zone T type
microstructure of densely packed fibrous grains is normally satisfactory. For ion
plating coatings, the highly energetic atoms are imbedded into the substrate;
therefore, the ions/atoms to be deposited do not move around the substrate
surface finding low energy areas. This produces coatings with high residual
stresses compared to evaporation or sputtering techniques (59). The superior
characteristic these coatings possess is excellent adhesion to the substrate due
to the graded interfacial composition from the substrate to the coating. One
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substrate restriction compared the other PVD methods is it must withstand the
increased deposition temperature incurred by the atom bombardment.
A drawback for any PVD process is they are line-of-sight techniques; the
coating is mostly deposited on the substrate areas visible to the target material
(72). Processes that are not line-of-sight include CVD and solution state
technologies.
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Figure 2.11: Microstructure Dependence on Pressure and Substrate
Temperature (52)
2.8.2 CHEMICAL VAPOR DEPOSITION (CVD)
Chemical vapor deposition (CVD) involves the reaction of two or more
gases forming a solid coating on a substrate and effluent gas stream (59,64).
Most CVD reactions are thermally induced, influencing the primary reaction
location to be on the heated substrate surface. There are seven steps for basic
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CVD processes: 1) convection of the gases, 2) gas-phase diffusion, 3) gas
adsorption on substrate surface, 4) surface reaction, 5) gas desorption from
surface, 6) gas diffusion across boundary layer, and 7) gas convection out of
chamber (64).
The convection of gases in the chamber is based on the type of reactor;
tube or asymmetric, and the heating method; cold wall or hot wall (59,64). These
factors affect the gas-phase reaction and residence time. The turbulence of the
fluids is dependant on the gas velocity.
There is a boundary layer between the convective gas flow and the
substrate (64). The gases diffuse through this boundary layer due to the
concentration gradient between the substrate/deposited coating and the bulk gas
layer. Once the gases reach the heated substrate surface they react forming the
solid coating surface and product gas. The product gas diffuses from the surface
and is transported out of the chamber.
Depending on the conditions and the gases used, the reaction could begin
in the gas phase and may result in homogenous nucleation (64). This process
results in a flaky, non-adherent coating.
CVD processes are difficult to control since both the gas phase and
surface reactions need to monitored and controlled. Process conditions include
atmospheric pressure CVD (APCVD), low pressure CVD (LPCVD), and plasma
enhanced CVD (PECVD).
APCVD is performed at high temperature and atmospheric pressure after
vacuum pumping the chamber and flooding with an inert gas (68).
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LPCVD is performed at a pressure around 0.25-2.0 Torr. This technique
allows better step coverage and less containments then APCVD (59).
PECVD is a plasma derivative of the LPCVD method. As with the other
plasma methods, the ionized gas supplies energy to the reactant gas effectively
increasing its reactivity and lowering its deposition temperature as shown in
Table 2.2 (59).
Table 2.2: Comparison of CVD and PECVD Deposition
Temperatures for TiN (59)
Reactants
TiCL, N2, H2
TiCL, N2, H2

Technique Coatina
CVD
TiN
PECVD
TiN

Deposition Temperature
(°C)
650-1700
250-1000

CVD microstructure relationships with respect to supersaturation and
substrate temperature are shown in Figure 2.12 (59). Supersaturation, in a one
component vapor phase, is defined as the ratio of the actual pressure of the
vapor and the theoretical equilibrium vapor pressure at those conditions. To
deposit porosity free coatings, a high vapor pressure and low substrate
temperature should be employed. Reversing these conditions, the
microstructure becomes columnar and porosity prone.
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Figure 2.12: CVD Microstructure Dependence on Reactant Pressure and
Temperature (59)
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Drawbacks of CVD are the high costs due to the gaseous materials and
the effluent gas stream may contain wastes that must be treated before disposal
(59,64). The CVD processes consist of many complicated steps that are difficult
to model and control.
2.8.3 ELECTROLESS DEPOSITION
The theory of electroless deposition is when an ionized metal in solution is
supplied with electrons the metal becomes an insoluble solid (59,73). The metal
is provided in salt form, producing metal ions upon disassociation in water, and
the electrons are provided by a reducing agent. Other components include
energy, complexing agents to limit the metal ion concentration, pH buffering
agents, and accelerators/inhibitors to increase/decrease the deposition rate.
Nickel is a common material deposited by electroless deposition (73).
Electroless Ni (E-Ni) provides a good adhesion surface for other hard coatings
and is a diffusion barrier coating providing protection for the substrate (74).
Nickel sulfate supplied with electrons from sodium hypophosphite is the most
typical method for E-Ni deposition called E-Ni P (59). This forms a Ni coating
with approximately 3 to 15 percent phosphorus (P) depending on the operating
conditions (59). Coatings with < 0.05 percent P tend to be porous and with > 10
percent P tend to have continuous impurities (59). Between these values E-Ni is
amorphous providing an almost porosity free coating (59). Pure Ni coatings can
be deposited, but they result in a high porosity, brittle, and highly stressed
coating which provides little or no substrate protection (59). Other reducing
agents such as N-dimethylamine borane or N-diethylamine borane produce an E
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Ni coating between 0.4 to 5 percent boron, but E-Ni P is the most commercially
produced E-Ni version (59).
2.8.4 OTHER COATING TECHNIQUES
A new technique to introduce different properties is through layering
different coatings (multilayer coatings) (75). Multilayer coatings are formed by
alternately depositing two or more different coating structures on a substrate.
This allows the multilayer coating as a whole to imbue characteristics of each
coating type if the layers are properly selected and deposited. It also produces a
gradient from the substrate coefficient of thermal expansion (COTE) to the top
coating layer that improves performance such as toughness by preventing sharp
boundaries where cracking may begin. Such is the case for the brittle coating,
diamond like carbon (DLC) where the properties can be improved by depositing
Ti, TiC, and DLC in several multilayer stacks which increases the toughness and
usability of the coating. The pervious techniques discussed in this section can
produce multilayer coatings by alternating reactive gases and pulsing deposition
in a synchronizing fashion. If the deposition methods and constraints are
properly selected then multilayer coatings can both increase adhesion and
prevent coating cracking compared to a single coating composition that do not
have a “matching” COTE with the substrate.
Nanolayer coatings can also be produced. This extreme thin coating layer
creates a very hard and tough surface. One drawback is the thinner the coating
deposited the importance increases for controlling the deposition process and
limiting the impurities.
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Composite coatings are produced by placing nanocrystalline grains in an
amorphous matrix. Brittle coatings, like DLC, can be enhanced by the addition of
nanocrystalline grains. These grains suppress both the formation and growth of
cross-grain fracture in the matrix, which improves the matrix toughness. This
allows hard coatings, such as DLC and TiC, to function in addition environments.
2.8.5 CONCLUDING STATEMENTS
Many factors such as substrate, coating thickness, stoichiometry, and
deposition sequence have not been discussed. These factors affect properties
such as the microstructure, surface morphology, adhesion to the substrate, and
various other physical properties, i.e. hardness, etc. All of these properties must
be carefully considered when designing a coating for a particular application.
2.9

PFPAE INTERACTION WITH COATINGS
Recently explored surfaces in contact with PFPAEs such as TiN and E-Ni

have shown improved performance over stainless steels (74). These
experiments showed that the porosity of TiN coatings, produced by cathodic arc,
allowed penetration of the lubricant. The lubricant interacted with the 440C steel
substrate causing coating fracture and exposure of the substrate. E-Ni was
found resistant to PFPAE attack at temperatures up to 370°C.

31

CHAPTER III
EXPERIMENTAL

3.1

MATERIALS DESCRIPTION
For the experiments performed in this study, Krytox® AC 143 was the

PFPAE fluid lubricant selected for use, since this particular batch has been
thoroughly characterized in previous publications (6,28,30). There were three
types of coupons tested for compatibility with the selected lubricant: M-50 type
steel, carburized Pyrowear® 675 (CRS), and coated coupons. Table 3.1
displays the composition of both M-50 and Pyrowear® 675 steels. The coatings
investigated were commercially available TiN, TiCN, TiAICN, TiCrCN/TiB4C
multilayer, E-Ni TiN, and E-Ni TiCN. The TiN coatings were obtained from two
different commercial companies and are designated as “TiN A” and “TiN B”. The
TiCrCN/TiB4C multilayer was produced under two different processes by the
same commercial source designated as “TiCrCN A” and “TiCrCN B”. These
various coating were deposited on both M-50 and CRS substrates. The
deposition processes are listed for each coating in Table 3.2.
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Table 3.1: Percent Composition of M-50 and Pyrowear® 675 Steels

Element
Carbon
Manganese
Silicone
Phosphorous
Chromium
Molybdenum
Vanadium
Nickel
Cobalt
Tungsten
Copper
Iron

3.2

% Composition
M-50
Pyrowear® 675
0.07
0.80-0.85
0.15-0.35
0.65
0.10-0.25
0.40
0.00-0.015
13.00
4.00-4.25
1.80
4.00-4.50
0.60
0.90-1.10
2.60
0.15 Max
5.40
0.25 Max
0.25 Max
0.10 Max
Balance
Balance

OXIDATION-CORROSION EXPERIMENTS
Oxidation Corrosion (OC) type testing has commonly been used as a way

to establish the suitability of candidate lubricants for application in gas turbine
engines. Versions of this test are included in military specifications MIL-PRF7808 (3) and MIL-PRF-23699 (4) and ASTM test method D 4636 (76). The
correlation between the miniaturized OC test and the larger scale ASTM test
method was previously completed and reported in the literature (6). Micro OC
experiments were performed with all the various coupons in the PFPAE fluid.
ASTM D 4636 (77) was used as a general guide. This procedure calls for 100
m l of fluid, where in these experiments 6 mL was used. This fluid volume
reduction makes it necessary to reduce the size of the glassware apparatus
shown in Figure 3.2.
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Table 3.2: Coating Deposition Processes
Coating Type
TiN A
TiN B
TiCN
TiAICN

TiCrCN/TiB4C A & B
E-Ni TiN
E-Ni TiCN

Deposition Method
Molten Pool Electron Beam Deposition
Cathodic Arc Ion Plating
Cathodic Arc Ion Plating
Cathodic Arc Ion Plating
TiCrCN by Cathodic Arc Ion Plating — TiB4C
by Sputtering
(performed in the same chamber)
Electroless Deposition of Nickel followed by
Cathodic Arc Ion Plating of TiCN
Electroless Deposition of Nickel followed by
Cathodic Arc Ion Plating of TiN

3.2.1 COUPON PREPARATION
The M-50 type steel and CRS were sanded with 500 grit silicon carbide
sandpaper until smooth. The coupons were then wiped with a hexane soaked
towel, until the towel remained clean, followed by an acetone rinse. The coated
coupons were subjected to 15 minutes of ultrasonic cleaning in hexane followed
by acetone. Once the coupon was air dried, the weight (in grams) of the coupon
was recorded to the ten thousandths place (the fourth decimal place).
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Figure 3.1: Micro Oxidation Corrosion Apparatus (modified from 6)
3.2.2 OXIDATION-CORROSION SETUP
The coupon was slid over the air tube as shown in Figure 3.1. The pre
weight of the entire glass apparatus including the coupon was then recorded.
Approximately 6 ml_ of fluid was then poured into the test tube. The apparatus
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was then re-weighed allowing the weight of the fluid to be calculated. The take
off adapter was fitted in the test tube ground joint. The air tube was connected to
a rubber tube allowing a regulated flow of compressed air (1 L/hr) to bubble
through the fluid. The apparatus was then placed in a constant temperature
aluminum block bath where the temperature was monitored by a computer
program as shown in Figure 3.1 and Figure 3.2. Experiments were 24 hours in
duration.
3.2.3 OXIDATION-CORROSION POST-TEST
The apparatus was removed from the block bath, the plastic air tube was
disconnected, and the glassware was allowed to cool. The post-test apparatus
weight was recorded and then the fluid was removed and saved for further post
test analysis. The coupon/air tube was placed back into the test tube which was
then filled with 1,1,2 trichloro-1,2,2 trifluoroethane solvent and ultrasonically
cleaned. Throughout the post-test process any observations such as the
appearance of the fluid or the presence of particles was noted. After four
ultrasonic cleaning rinses, the post-test weight of the coupon was recorded. The
OC test stability requirements are listed in Table 3.3.
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Figure 3.2: Aluminum Block Bath and Oxidation Corrosion Apparatus
Pre and post-test viscosity measurements were conducted according to
ASTM method D 445 (77). All viscosity measurements were performed at 40°C.
The fluid was allowed 30 minutes to equilibrate with the bath temperature. The
fluid viscosity was determined from the average of three trials.
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Table 3.3: Oxidation Corrosion Stability Requirements
Requirement
Post-test Analysis
< 20%
Viscosity Change
< 10%
Fluid W eight Loss
Absolute Metal
pass rating < 0.2
W eight Change
0.2 > moderate rating > 0.5
(mg/cm2)
fail rating > 0.5
Mandatory Failure for Appearance of Particles

3.3

X-RAY PHOTOELECTRON SPECTROSCOPY
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique

that can provide information about atomic composition, structure, and oxidation
state (78). The theory behind this is a monochromatic X-ray beam of a known
energy (hv) is used to displace an electron from an atom. The emitted electron’s
kinetic energy (Ek) is measured by a hemispherical electron spectrometer and
the binding energy (Eh) of the electron is calculated as shown below:
Eh - hv - Ek - vv
Each spectrometer has an individual work function (w) that accounts for
the electrostatic environment in which the electron is formed and measured in.
The output of the XPS is a plot of the counting rate dependence on the binding
energy. There are two types of XPS spectra referred to in this work. Low
resolution survey scans which allow for basic element identification and high
resolution elemental scans which allow for identification of oxidation states and
structure relationships based on reference binding energies. The binding energy
of a particular element depends slightly on the chemical state of the emitting
atom. This chemical shift is a result of the affinity of the nucleus for the core
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electrons. Depending on what the particular element is bonded to affects this
affinity which is directly related to the binding energy. This allows for the
identification of oxidation states and structure relationships. XPS is purely a
surface analysis technique only capable of depths of approximately 10-50
angstroms (A). To analyze deeper, ion sputtering can be used to erode the
surface. Effectively, ion sputtering removes surface layers with a bombardment
of ions. The problem with using this technique is bonds are broken and certain
elements or compounds may be preferentially removed from the surface so
quantitative information such as relative atomic percentages must be reviewed
carefully. Here only qualitative information such as relative binding energies and
spectral shapes are analyzed. Another analysis issue is sample charging. This
phenomenon results when the entire sample or even just a region of the sample
is non-conductive. A sample must be conductive in order for it to gain back the
electrons ejected from the x-ray bombardment of the surface. If the
sample/region is not conductive the sample becomes positively charged and the
electrons in that region are “held tighter” by their respective atoms. This results
in an upward shifting of the binding energy known as charging.
The XPS spectra of the post-test coupon surfaces were collected by
Surface Science Instruments SSX-100 shown is Figure 3.3 that uses
monochromatic Al K a X-rays at an energy of 1486.6 eV. All spectra were taken
with a 400 x 1000 micron X-ray spot at a typical base pressure of 5x10‘9 torr. All
spectra and binding energies were referenced to the C 1s adventitious carbon
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peak of 284.7 eV. Ion sputtering used 5 keV Ar+ ions with a sputtering rate of 0.5
A/s on a SiO2/Si standard.

Figure 3.3: X-ray Photoelectron Spectrometer
3.4

SCANNING ELECTRON MICROSCOPY
Scanning Electron Microscopy (SEM) is a surface technique that allows

high resolution, high magnification images to be collected. The theory behind
this is the surface of the solid sample is scanned with a beam of electrons that
have a known energy (78). When these electrons, called primary electrons,
speed by the atoms of the sample, the atoms are overcharged briefly and the
path of the primary electron is bent with respect to the energy released. Some of
the primary electrons are bent back out of the sample, called backscatter
electrons. The overcharged atoms eject an electron, called secondary electrons,
in order to regain charge stability. Secondary electrons are emitted in any
direction, but only those that exit the sample are detected. Certain areas of the
sample have a higher percentage for emitting more secondary electrons (Figure
3.4.). This allows the topography/surface roughness to be qualitatively
determined and an image is produced by software. In order to ensure the
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electrons are only emitted from the electron gun and the sample, a high vacuum
environment is required (~105 torr.). Samples must be conductive so the
secondary electrons that are emitted from the atoms are replaced by electrons
from the grounded sample stage. If samples are not conductive the sample will
charge, greatly reducing the quality of the image. Non-conductive samples can
be sputter coated with a conductive coating, normally gold, which renders the
sample as a pseudo conductive sample.

Figure 3.4: Depiction of Secondary Electron Escape from Sample Surface
The interaction of the primary and secondary electrons may also produce
characteristic x-rays. The x-rays are produced if a passing primary electron
ejects a low level orbital electron (secondary electron) in the atom. A higher level
orbital electron then “jumps” to the lower level orbital. When this occurs an x-ray
is produced. The energy of these x-rays are characteristic to the specific type of
atom it was emitted from, therefore, once the energy of the x-rays is determined
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the approximate elemental percentages can be found. This technique is known
as energy dispersive x-ray spectrometry (EDS).
Scanning Electron Microscope (SEM) micrographs were collected with the
Philips XL 30 ESEM, shown in Figure 3.5, using 15 kV. Elemental analysis was
performed using EDS.

Figure 3.5: Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
Spectrometer (EDS)
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CHAPTER IV
RESULTS AND DISCUSSION

Table 4.1 shows the changes in fluid viscosity and acid number, fluid
weight loss, coupon weight change, and fluid appearance after the OC testing for
each of the various coupons. Extensive color change was observed at all
temperatures for each coating during the post-test OC visual inspection. A
limited number of metal coupons were coated: two M-50 and two CRS for each
coating type.
4.1

STEELS
At 315°C, M-50 failed due to the metal weight change criterion (Table 3.3).

At 330°C, CRS passed whereas at 345°C it failed due to the presence of
particles in the post-test fluid. SEM micrographs in Figure 4.1 illustrate the
corrosion on the surface of the M-50 coupon. The pre-test coupon was fairly
smooth, but the surface of the post-test 315° C coupon has a large amount of
blisters. The CRS coupons appeared the same way at 345° C. These results
were used as a baseline for the coatings results.
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Table 4.1: Coatings, CRS, and M-50 Oxidation-Corrosion Results
% VIS CHG
@ 40°C
10.81
5.62

ACID
NUMBER
CHANGE
0.00
0.00

FLUID
% WT.
LOSS
6.54
5.62

METAL
WEIGHT
CHANGE(ma/cm2)

315
315

COATING
(Substrate)
TiAICN (M-50)
M-50

-0.08
1.0 0"

FLUID APPEARANCE
no change
no change

330
330
330
330
330
330
330
330
330
330
330

TiN A (M-50)
TiN A (CRS)
TiN B (M-50)
TiN B (CRS)
TiCN (CRS)
TiAICN (CRS)
TiCrCN A (M-50)
TiCrCN A (CRS)
TiCrCN B (M-50)
TiCrCN B (CRS)
CRS

9.61
10.64
8.72
11 43
12.84
12.19
10 53
11.93
6.83
11.24
10.17

0.13
0.14
0.12
0.12
0.00
0 10
0 15
0.13
0.13
0,14
0.08

5.00
4.00
5 50
5.21
5.45
5.45
7.22
4.90
6.00
5.21
6.06

-0.23*
0.09
-0.32’
0.08
0.11
0.05
1.0 7"
0.18
-1.2 6 "
0.20
0.15

fluid clear - particles observed"
no change
fluid clear - particles observed"
no change
no change
no change
fluid clear - particles/flakes observed"
no change
fluid clear - particles/flakes observed”
no change
no change

345
345
345
345
345
345
345
345
345

TiN A (CRS)
TiN B (CRS)
TiCN (M-50)
TiCN (CRS)
TiAICN (CRS)
TiCrCN A (CRS)
TiCrCN B (CRS)
E-Ni TiN (CRS)
E-Ni TiCN (CRS)

11.28
11 05
13 70
11.41
11.71
10 82
10 37
10.18
10.66

0.14
0 15
0.08
0.08
0.10
0.14
0 06
0.14
0 14

3.41
5.00
7 62
6.42
7.22
2 94
5.26
5.43
4.85

-0.01
-0.18
-0.5 2 "
0.04
0.13
0.07
0 47*
0.15
0.22*

345

CRS

11.52

0.08

5.31

-0.30*

fluid clear - particles observed"
fluid clear - particles observed**
fluid clear - particles observed"
no change
no change
fluid clear - particles observed**
fluid clear - particles observed"
no change
no change
fluid clear - during ultrasonic cleaning
particles observed"

360
360
360

TiN A (M-50)
TiN B (M-50)
TiCN (M-50)

10 57
6 59
13.84

0 22
0 22
0.17

8.08
6.42
9.38

2 12"
1 47*’
0 .6 5 "

360

TiAICN (M-50)

no data

no data

97 .08 "

-1 39**

360

TiCrCN A (M-50)

-25.93"

0 14

39 .00 "

-21.16"

360
360

TiCrCN B (M-50)
E-Ni TiN (M-50)

-7 79
12.28

0.13
0.11

33.91”
5.77

-19 9 4 "
-0.60"

TEST
TEMP

360
E-Ni TiN (CRS)
E-Ni TiCN (M-50)
360
360
E-Ni TiCN (CRS)
(24 Hours. 1 Liter air/hour.

fluid clear - particles observed**
fluid clear - particles observed"
fluid clear - particles observed"
fluid clear - during ultrasonic cleaning
particles observed - fluid does not cover
metal - white particles on air tube **
fluid clear - particles observed - clear film
like flakes observed"
fluid clear - particles observed - clear film
like flakes observed**
fluid clear - particles observed"
fluid clear - during ultrasonic cleaning
particles observed"
no change
no change

11.27
0.25
5.56
-0.26*
0 13
-0.05
10 81
5.66
0.22*
10.01
0.13
6.60
6 mL fluid: * Moderate metal weight change rating, " Failure rating for that specific criterion)
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4.2

TiN A/TiN B
At 330°C, both types of TiN (M-50) failed due to particles in the post-test

fluid, whereas those with the CRS substrate passed. Failures for both TiN (CRS)
coupons occurred at 345°C. Viewing these coupons under various
magnifications revealed the previously reported blisters as shown in Figure 4.2
(74). Elemental analysis with EDS confirmed the blisters consisted largely of
iron, fluorine, carbon, and oxygen (Table 4.2). Directly adjacent to the blisters,
titanium, oxygen, and nitrogen were the main elemental components indicating
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the coating was intact in non-blister areas. The CRS substrate coupon blisters
were smaller then those on coupons using the M-50 substrate as shown in
Figure 4.2. The increased coating fracture seen on the M-50 coupons is a
function of M-50’s higher reactivity towards the PFPAE degradation products
compared to CRS. This is evident by the metal weight change in Table 4.1 for
M-50 at 315°C and CRS at 330°C. To investigate the failure mechanism of these
coupons further, XPS analysis was utilized.
Table 4.2: EDS Compositions for the 330°C OC TiN A (M-50) Coupon
E le m e n t
C
N
O
F
Ti
Si
Mo
V
Cr
Mn
Fe

B e s id e B lis te r
(At. %)

Iron B liste r
(A t.% )

C le a n M -50
(A t.% )

4.5
14.2
39.1
2.8
39.4
-

18.3
<1.0
27.5
17.8
1.0
<1.0
<1.0
<1.0
1.5
<1.0
32.4

16.5
6.0
1.4
2.2
1.0
3.8
< 1.0
68.6
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Figure 4.2: SEM Micrographs of TiN A 330°C OC Coupons (a) TiN A (M-50); (b)
TiN A (M-50); (c) TiN A (CRS)
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Figure 4.3 shows the unsputtered and sputtered XPS survey spectra and
spectral regions for TiN A (CRS). Due to the small size and proximity of the
blisters, the XPS spectra in Figure 4.3 include both areas with and without
blisters. The XPS spectra should be viewed as an average surface composition.
The maximum intensities of these spectra were normalized to the same value.
This was done in order to assist comparison of the spectra shape. The
unsputtered surface consisted mostly of fluorine, oxygen, titanium, and some
carbon seen in the survey spectra. With brief sputtering most of the residual fluid
was removed from the surface. This reduced the relative amounts of fluorine and
carbon on the surface and increased the amount of oxygen and titanium. Since
the amount of fluorine on the surface decreased greatly after brief ion sputtering,
the surface can be considered relatively inert to attack by PFPAE degradation
products. The fluorine that was removed was residual PFPAE lubricant that was
physisorbed on the coating surface. The Ti 2p3/2-i/2 peak envelope was fitted with
two peaks at 459.0 and 464.7 consistent with TiO2 supporting the assessment
that the coating surface was not converted to a fluoride containing surface. After
sputtering, the titanium peaks broadened towards the lower binding energies
consistent with unstoichiometric TiNxOi-x. The F 1s region consisted of two
peaks at 685.0 and 688.4 eV. The higher binding energy is a result of the
physisorbed PFPAE fluid on the surface and the lower binding energy are iron
fluorides detected from the iron blisters. The individual components of the Fe
spectra are indistinguishable, such as the oxides from the fluorides which occur
around the same binding energies (~711 eV), but based on the F 1s spectra and
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EDS there was a combination of both on the surface. This supports the
hypothesis that the failure mechanism of these coatings is a result of the PFPAE
degradation products diffusing through the coating pores and then corroding the
substrate. The corroded substrate has an increased specific volume which leads
to coating fracture and the formation of the iron blisters.
The cathodic arc deposition method (TiN B) inherently has a higher
porosity rate than other PVD methods due to the formation of particles during the
arc evaporation process, but the molten pool electron beam deposition process
(TiN A) still produced a porous coating with regard to PFPAE lubricants.
S ir v e y Spectra

Ti 2p^2-1/2

Bindng Energy (eV)
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Bind ng Energy (eV)

Figure 4.3: Select XPS Spectra for the TiN A (CRS) Coupon
(a) Survey Spectra;(b) Ti 2p3/2-i/2; (c) F 1s; (d) Fe 1s
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4.3

TiCN
At 345°C, TiCN (M-50) failed due to particles whereas TiCN (CRS)

passed. The SEM/EDS and XPS results were the same as the TiN coatings.
4.4

TiAICN
All the TiAICN coupons passed except for TiAICN (M-50) which failed at

360°C. The test at 360°C resulted in almost complete degradation of the fluid;
approximately 97 percent fluid weight loss. A layer of white particles was present
inside the test-tube and on the air tube. X-Ray Fluorescence (XRF) was
performed by Chemsys Incorporated on these particles revealing the presence of
aluminum and titanium (Table 4.3). This partial loss of aluminum from the
coating tested at 360°C was confirmed with SEM micrographs (Figure 4.4), EDS
(Table 4.4), and XPS analysis (Figure 4.5).
Table 4.3: XRF Results of the Analysis of the White Particles
from the TiAICN (M-50) OC Experiment at 360°C
Element
Na
Al
K
Ca
Ti
Fe
Zr

rel wt. %
22
42
26
2
8
1
0.1

Unlike the TiN/TiCN coupons, iron blisters were not found at any
temperature other than at 360°C (Figure 4.4). XPS analysis revealed that after
brief sputtering the concentration of fluorine on the surface did not decrease
substantially for any of the coupons at the various temperatures. This shows the
majority of the fluorine on the surface was bonded to the coating. This most
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probably is due to at least partial conversion of the aluminum contained in the
coating into an aluminum fluoride since neither TiN norTiCN had a large amount
of fluorine on the surface after sputtering. At the lowest two temperatures, the Al
spectra were closely associated with the binding energies of aluminum oxides
and fluorides in Figure 4.5. As the temperature increased, the spectra
broadened to the higher binding energies consistent to that of AIF6' around 78.0
eV (13).
Table 4.4: EDS Compositions for the 360°C OC TiAICN (M-50) Coupon
Beside Blister
(At. %)
Element
C
7.5
N
17.6
0
45.6
F
11.4
Al
16.0
Ti
Mo
Cr
Fe
1.8

Iron Blister
(At.%)
26.0
16.2
39.9
1.8
0.8
2.7
12.6

The F 1s spectra shown in Figure 4.5 confirm there is a drastic change in
how fluorine has interacted with the surface at 360°C. At 315 and 330°C the
binding energies, 686.6 and 686.8 eV respectively, and the line shape of the F 1s
spectra are similar. Herrera-Fierro assigned the AIF3 peak to a binding energy of
687.2 eV which is close to what has been reported here (13). At 345°C, the F
peak broadened towards the higher binding energies and at 360°C there were
two distinct peaks at 684.8 and 688.3 and a slight peak at 692.5 eV. The lowest
binding energy was associated with iron fluorides from the iron blisters on the
surface. The middle binding energy was from the residual fluid on the coupon
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(C-F). The highest binding energy was unknown, but was probably the result of
a slight amount of surface charging since the coupon surface was not
homogenous.

TiAlCN
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_____________
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Figure 4.4: SEM Micrograph of the 360°C OC TiAlCN (M-50) Coupon
(Light Area-Fe Blisters; Dark Area-Coating)
The degradation products interacted with the TiAlCN coating to produce
aluminum fluorides, therefore TiAlCN in combination with PFPAE lubricants
should not be considered as a suitable coating for high temperature gas turbine
engines.
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Binding Energy (eV)
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F 1s

Figure 4.5: Select XPS Spectra Regions for TiAICN Coupons (a) Al 2p spectra
region; (b) F 1s spectra region after 30s of sputtering
4.5

TiCrCN/TiB4C A and TiCrCN/TiB4C B
Both A and B coating types displayed similar performance in OC testing

and analogous results from XPS and SEM data. At 330°C, both types of
TiCrCN/TiB4C (CRS) coupons passed whereas those with the M-50 substrate
failed due to the presence of particles and the coupon weight change. At 345°C
the CRS substrate coupons failed due to the presence of particles. Only small
particles were observed for the failures of the TiCrCN/TiB4C (CRS) coupons as
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opposed to particles and flakes for the M-50 substrate coupons. The flakes were
not only present in the fluid; the coating was visually separated from the coupon
at various locations (Figure 4.6). This behavior was not observed for the coated
CRS coupons. As expected, the M-50 coupons displayed large areas of iron
blisters causing the flaking of the coating shown in Figure 4.6. The XPS survey
spectra for both A and B type TiCrCN/TiB4C coated coupons contained well
formed iron features compared to the previous coatings, an indication of an
increased amount of iron blistering that occurred with this coating.
The difference of the coefficients of thermal expansion (COTE) of the two
coating layers (TiCrCN and TiB4C) is not believed to be the cause of the coating
failure. The CRS substrate coupons did not flake like the M-50 substrate
coupons. If the difference of the COTE was the major failure mechanism then
the coating would have acted the same regardless of the substrate used.
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Figure 4.6: TiCrCN (M-50) 360°C OC Pictures (a) Pre-Test coupon (b) 360°C
Post-Test coupon after ultrasonic cleaning in solvent (c) 330°C Post
test OC apparatus and coupon (d) 360°C Post-Test OC apparatus
and coupon (e) and (f) 360°C Post-Test OC apparatus and coupon
after ultrasonic cleaning in solvent
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At 360°C, both types of TiCrCN/TiB4C (M-50) failed due to particles/flakes
and fluid weight loss. The fluid weight losses from these coatings at this
temperature were a staggering 39% and 33%. The negative viscosity change
coupled with the large fluid weight loss indicates that the degradation process
started with PFPAE fluid chain scission. Before the ultrasonic cleaning, flakes
were observed in the fluid and on the metal. During the cleaning a large amount
of brownish flakes materialized (Figure 4.6). It appeared as through the coating
was completely removed from the metal surface. XPS supported this
assessment revealing that the atom percent of titanium on the coupon surface
was less than one percent and there was a high percent of iron. SEM
micrographs coupled with EDS confirm that the surface is mostly iron shown in
Figure 4.7.
-
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1.8
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■
Figure 4.7: SEM Micrograph and EDS Composillions of the TiCrCN (M-50) A

330°C Coupon
The coating failed due to cracking caused by iron blisters. At this juncture,
the suitability of a TiCrCN/TiB4C coating preventing PFPAE decomposition is
limited due to the porosity of the coating.
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4.6

E-Ni TiN
At 345°C, E-Ni TiN (CRS) passed. At 360°C, E-Ni TiN (M-50) failed due

to particles whereas that with the CRS substrate failed, but did not have particles
until the ultrasonic cleaning was performed. No iron blisters were detected using
high resolution SEM techniques for any of these coupons. Both the 360°C M-50
and CRS substrate coupons had areas where the TiN coating delaminated from
the surface (Figure 4.8). The cause of this is unknown. There was a small
amount of F detected with EDS in both Ti and Ni regions (Table 4.5). As with the
TiN coatings, after light sputtering the amount of fluorine was drastically reduced
revealing that fluorine was not directly bonded to the surface in large amounts for
either Ti and Ni regions.

Figure 4.8: SEM micrograph of the 360°C E-Ni TiN (M-50) Coupon
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Table 4.5: EDS of TiN and Ni Regions of the E-Ni TiN 360°C (M-50) Coupon

4.7

Element

Ni Region
(at. %)

1iN Region
(at%)

C
N
O
F
Ti
Ni

12.3
3.5
4.1
2.9
77.1

4.1
13.2
46.6
3.0
33.2
-

E-Ni TiCN
At 345°C and 360°C, E-Ni TiCN (CRS) received a marginal rating and at

360°C, E-Ni TiCN (M-50) passed. This is the only coating to perform this well in
the OC testing. No iron blisters were detected using high resolution SEM
techniques for any of these coupons as shown in Figure 4.9. The TiCN coating
remained intact for both the M-50 and CRS substrates. As with the TiN coatings,
after light sputtering, the amount of fluorine was drastically reduced revealing that
fluorine was not directly bonded to the surface in large amounts for both Ti and
Ni regions. The surface was heavily oxidized compared to pre-test coupons as
shown in Table 4.6.

Figure 4.9: SEM Micrographs of (a) Pretest E-Ni TiCN Coupon and (b) Post-test
E-Ni TiCN (M-50) 360°C Coupon
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Table 4.6: EDS of the Pre-test E-Ni TiCN Coupon and
Post-test E-Ni TiCN (M-50) 360°C Coupon
Element
C
N
0
F
Ti

Pre-test Coupon
(at. %)
29.8
23.2
0.8
46.2
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Post-test Coupon
(at%)
6.6
3.5
49.3
4.3
36.3

CHAPTER V
CONCLUSIONS

1. Coated CRS coupons demonstrated superior OC performance compared to
coated M-50 coupons for all coatings except for TiAICN, where a direct
comparison cannot be made, and for the E-Ni coatings. This is due to the
PFPAE degradation products diffusing through the porous coating and
corroding the substrate creating a difference in specific volume. This caused
the coating to crack.
2. The lower levels of iron in the CRS compared to M-50 resulted in inhibition of
the corrosion process.
3. The TiAICN coating interacted readily with the PFPAE lubricant at all the
temperatures tested producing an aluminum fluoride surface. At the highest
temperature tested, iron blisters were present.
4. The TiN, TiCN, and TiCrCN/TiB4C multilayer coatings had iron blisters
present at all temperatures tested.
5. The two different deposition methods for the TiN coating both yielded iron
blisters. The cathodic arc method coupons contained more iron blisters than
the molten pool electron beam method coupons.
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6. E-Ni TiN and E-Ni TiCN coatings performed better than their counter parts,
TiN and TiCN respectively. The nickel coating prevented the formation of
the iron blisters.
7. TiCN, E-Ni TiN, and E-Ni TiCN coatings demonstrated superior performance
in oxidation corrosion testing.
8. Coated coupons have been found to fail by three different mechanisms: 1)
chemical reaction of the PFPAE fluid degradation products with a reactive
element in the coating, e.g., Al; 2) fluid degradation products reaching the
more reactive metal substrates through the porosity of a coating; 3)
delamination of the coating, e.g. delamination of TiN from E-Ni.
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CHAPTER VI
CONTINUING RESEARCH

There are three possible areas where continued research is needed
before PFPAE fluids become operational high temperature gas turbine engine
lubricants:
1) Improvement of structure materials: development of porosity free coating
deposition and enhanced metallurgy techniques for stainless steels and
other type materials.
2) Additive mechanism research and possibly the combination of additives
into “additive packages” to improve PFPAE lubricant function-ability and
operational lifetime.
3) Combination of these two areas to provide a jet aircraft engine with the
highest operating engine temperature.
The improvement in coatings needs to be investigated from the standpoint
of the deposition process. TiN and TiCN have been shown to be relatively inert
to PFPAE degradation products, but the porosity of the coatings is the limiting
factor in the use with PFPAE fluids. Other processes such as CVD and ion
plating should be investigated. CVD is not a line-of-sight deposition technique
like the PVD methods, allowing for improved coating coverage by producing
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amorphous type coating structure helping to eliminate coating porosity. Ion
plating should also be investigated since during the bombardment process the
columnar microstructure is disordered, which reduces or may eliminate the
coating porosity. Coatings should be characterized with basic adhesion,
corrosion, and thermal cycling tests in addition to molecular analysis such as
XPS, SEM, EDS, etc. pre and post-test. In commercial production, each batch of
coated material may vary slightly so different batches of the coated specimens
should be tested until a robust process is well established. Further research in
regard to electroless Ni should be performed to determine the extent of
protection it offers. Various PFPAE fluid applications may immediately benefit
from the implementation of this coating.
One difficulty for discovering new PFPAE additives is finding soluble
additives. If a particular additive is soluble, then it must not negatively affect the
fluid thermal oxidative stability, lubrication, and/or rust protection of the complete
fluid formulation. To properly select additive packages, research needs to be
done to determine the additive mechanism. Various additives that are deemed
compatible would be incorporated together into a PFPAE fluid. Previous
experiments have employed GCMS, FTIR, and XPS to determine the additive
mechanisms. The test matrix would then be applied to the additive package
enhanced PFPAE fluid. This matrix would yield not only an improved
understanding of PFPAE additive mechanisms, but it may lead to the discovery
of an additive package(s) allowing PFPAE fluids to become functional high
temperature gas turbine engine lubricants. To further understand the exact
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mechanisms occurring, PFPAE model compounds could be formulated with
additives to determine if/how the fluid structure affects additive performance.
Appropriate selection and optimization of engine component materials and
additives/additive packages will most likely be the solution path for the realization
of functional PFPAE gas turbine engines. The bottom line is the implementation
of PFPAE fluid lubricated gas turbine engines would reduce USAF costs by
allowing aircraft to 1) increase maximum speeds, saving time, 2) increase the
payload capability, and/or 3) increase engine efficiency, saving fuel.
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